Standard Sources and Calibrations

Introduction
The precise theC?retical deter!llination of the absorbed dose rates D' (d, a) and Dp(d) generated by a beta-ray source is only possible if these absorbed dose rates can be calculated by means of a Monte Carlo program for which the input data are known with sufficient accuracy. These are, beside the activity and the construction of the source, the relative spectral beta-particle fluences of all the radio nuclides of the source. Frequently not all of these data are known with the required accuracy, and, instead, experimental determinations of absorbed dose rates by means of extrapolation chambers (Section 7.3) are preferred. These measurements allow accurate determinations of absorbed dose rates from sources used as secondary standards without requiring the precise knowledge of the characteristics of the beta-ray source. Such sources are described in Section 10.2 and are used for calibrations and type testing (Section 10.3) of beta-ray instruments and dosimeters.
Secondary-Standard Sources
Commonly, secondary-standard sources are "point" sources, i.e., sources with a diameter of the active area at least five times smaller than the irradiation distance. Commercially available large-area sources suffer either from too low activity or from nonuniform distribution of the activity over the area. Suitable sources are recommended in the International Standard ISO 6980 (1984) . The radionuclides 14C, 147Pm, 204TI, 90Sr -90Yand 106Ru_ 106 Rh are recommended; their characteristics are summarized in Table  10 .1. The source construction and the calibration distance should be such that the maximum energy of the beta particles at the calibration distance (residual maximum beta particle energy, E res ) should not be smaller than a minimum value also given in Table  10 .1. By this precaution, the effects of excessive self absorption in a source and/or absorption in its window, and of too large calibration distances, are minimized. A maximum source diameter of 16 mm is recommended. Examples of beta-ray spectra of sources with the recommended radionuclides are given in Figure 10 .1. The spectra were measured with the beta spectrometer shown in Figure 7 .11 (a).
Two series of reference beta radiations have been proposed: Series 1 serves for producing uniform dose equivalent rates over a large area at a specified calibration distance. For this purpose, beam-flattening filters are positioned on the principal axis normal to the plane of the source (Figure 10 .2). Table 10 .2 gives details of calibration distances and filter construction for three examples of reference radiations (Owen, 1972) . The efficiency of the filters for producing uniform dose equivalent rates over large areas at the calibration distance can be clearly seen from measurements of the optical density of uncovered films irradiated with and without filter ( Figure 10 .3). Asymmetries in these rates are due to slight asymmetries of the experimental set-up, such as inhomogeneities in the surface activity of the source (active area 1 cm 2 ), and slight misalignment of the source and filter. Nevertheless, the dose equivalent rate over an area at least 10 cm in diameter is suitable for calibration with all these nuclides.
Series 2 reference radiations are generated without beam-flattening filters. They are used if the dose equivalent rates of series 1 reference radiations are too low and if the uniformity of the dose equivalent rate over a large area is not required. Series 2 reference radiations are specified, in addition, for the radionuclides: 14C and 106Ru_ 106 Rh (ISO, 1984) .
Care must be taken if sources, beam-flattening filters or jigs are exchanged (B6hm, 1986b). However, it has been shown that calibrations of replacement sources performed in a jig can, with suitable precautions, be transferred to another jig of the same type without a significant increase of the uncertainty of the calibration factor.
Measurements of the same secondary-standard beta-ray sources with extrapolation chambers at different national standards institutes showed close agreement of the results. Typical differences of the results were of the order of the relative standard uncertainties expected from the extrapolation chamber measurements, i.e., of the order of 1 % for measurements of 90Sr _90Y and 204TI sources, and about twice as much for measurements of 147Pm sources (B6hm, 1986a; Tarbeyev et al., 1991; Francis etal., 1991) .
Characteristics of typical source and filter assemblies are summarized in Table 10 . 3 (B6hm, 1991) . The table also contains values of the transmission factor. T(d, a) , which is the personal absorbed dose rate Dp(d, a) calculated for the. ICRU slab, for an angle of incidence a, divided by Dp (O, 0) . The depthdose curve is roughly described by the values of the transmission factor given in the table. The "angle of indidence" means here the angle between the symmetry axis of the radiation field and the normal to the phantom surface. There are, of course, numerous beta particles which impinge obliquely on the phantom even for a = 0 0 , due to air scatter and the finite size ofthe beta-radiation source.
Irradiations should be performed in a separate room, with a wall separating the beta-ray sources from the person operating the shutter. The wall should consist of at least 2 cm wood as shielding from the high-energy beta rays from 106 Ru-106 Rh. The betaray sources and the holders for detectors should be mounted on an optical bench to ensure well defined geometrical conditions.
Calibrations and Type Testing
Dose-Rate Meters and Dosimeters
Most area dose-rate meters have relatively large sensitive volumes and calibrations therefore need large uniform radiation fields: for example, such fields as are generated by Series 1 beta reference r:adiations. In g~neral, tl?-e measured quantity is H'(0.07), rarely H'(3) or H'(10). Calibration certificates of secondary-standard sources are normally Fig. 10 .2. Calibration stand with beam-flattening filter for the production of a Series 1 reference radiation (Owen, 1972) .
suppl~ed with values of the surface absorbed dose rate, Dp (0, 0), on the ICRU slab, together with values qf the transmission factor T(d,O) . The value of H' (d,O) is obtained in good approximation by 1 disc of polyethylene terephthalate, of radius 5 cm and mass per unit area 14 mg' cm-2 , with hole of radius 0.975 cm at center 2 concentric discs, 1 disc of polyethylene terephthalate, of 4-cm radius and mass per unit area 7 mg' cm-2 , plus 1 disc of polyethylene terephthalate, of 2. 75-cm radius and mass per unit area 25 mg' cm-2 3 concentric discs ofpolyethylene terephthalate, each with mass per unit area of 25 mg' cm-2 and of radii 2 cm, 3 cm and 5 cm Table 10 .2, the dashed lines, those without any filter. The curves are normalized for the mid point of the radiation field. (a) 90Sr _90y source with 50 mg cm -2 silver cover; (b) 90Sr _90y source with a 130 mg cm -2 silver and steel cover; (c) 204Tl source, (d) 147Pm source <Btihm, 1983). D'(d, a) denotes either Did, a) for a plane body surface or D' (d, a) . T (d, a) is the transmission factor to depth d at incidence angle ct. a/Dp (0.07, 0) for a plane body surface (determined for a slab phantom), for different angles of incidence, a (see also The dependence of the calibration factor on the source-to-detector distance may be quite important, particularly if the detector has a large volume. Figure  10 .4 shows such a dependence.
Dosimeters for individual monitoring are most frequently much smaller than area dose-rate meters and may be calibrated by means .of Series 1.or 2 beta reference radiations. The quotient D p (O.07, a)/D p (O.07, 0) of (0.07, a) for a finger may be different from that for H' (0.07, a) , depending on the energies of the beta rays. Irradiation distance ( cm) Fig. 10 .4. Response relative to jf'( O. 07) of a portable, ionizationchamber dose-rate meter (chamber diameter 7.6 cm, depth 4.6 cm), for different irradiation distances and beta rays from three radionuelides. Series 1 and 2 sources are described in Section 10.2 <Btihm, 1989).
Calibration Phantoms
For calibration or the determination of response characteristics, personal dosimeters should be irradiated on phantoms having similar backscatter to that of the body surfaces for which H p (0.07) is to be determined. For example, in addition to the slab phantom proposed in ICRU Report 47 (ICRU, 1992b) , the ISO has recommended a cylindrical phantom to represent the lower arm or leg and a rod phantom to represent the finger (Alberts et at., 1994) . Since the backscatter of weakly penetrating radiation will depend only slightly on the size and shape of the phantom, for beta radiation, two standardized phantoms are regarded as sufficient for calibration, and adequate without any corrections for the difference in backscatter: (1) a polymethylmethacrylate (PMMA) plate of at least 20 mm thickness and at least 100 mm x 100 mm surface area to represent the torso, arm or leg and (2) a PMMA rod phantom of 19 mm diameter and 300 mm length to represent a finger, for testing finger dosimeters.
Beta-Ray Sources
In general, beta-ray sources for dosimetric standardization are calibrated by means of extrapolation chambers (see Section 7.3). These calibrated sources enable the calibration of other, for example, very small detectors such as thermoluminescence detectors, which can be used for a rough calibration of other beta-ray sources of the same nuclides but of unknown strengths. The thickness of the detector should be small compared with the mean range of the beta rays emitted from the source.
